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Between 1958 and 1960 Astrand documented the normal heart rate response to exercise in healthy individuals and noted that the maximum heart rate decreased with age.' 2 A reduced cardiac chronotropic response to isoprenaline has been reported in elderly subjects and alterations in catecholamineadrenergic receptor interactions may be responsible for this change of cardiovascular regulation in the elderly.35 In addition the parasympathetic innervation of the sinus node is currently under investigation.6 Over the years it has also been recognised that an inadequate chronotropic response (chronotropic incompetence) at maximal exercise is common in patients with cardiac disease78 and much interest has centred on the pathophysiological mechanism(s) involved in chronotropic incompetence.910 Despite this, no universally accepted definition of chronotropic incompetence exists and the criteria for its diagnosis are not defined. However, a precise diagnosis of this condition is of clinical importance. First, adaptive-rate pacing may be beneficial in patients who clearly demonstrate chronotropic incompetence."' ''4 Secondly, chronotropic incompetence has also been documented in patients with chronic heart failure and may contribute to the impairment of physical capacity seen in these patients.7 '5 Terminology and definitions The term chronotropic incompetence implies the inability of the heart to increase its rate in proportion to metabolic demand. Consequently, it refers either to inadequacy of the sinus node or, in the case of complete heart block, of the lower escape pacemaker to respond to exercise or other autonomic changes. Unfortunately in published reports a clear distinction is not always made between chronotropic incompetence of the sinus node and of the lower escape pacemaker.
The current definitions of chronotropic incompetence usually rely on the heart rate response achieved at maximal exercise. The expression which was formulated by Astrand to predict the age dependent maximum sinus rate response to exercise (maximum predicted heart rate, MPHR) was MPHR = (220-age) beats/min and chronotropic incompetence has been arbitrarily defined as a maximum exercise heart rate achieved during exercise testing that is <75%16 or <80%"7 of the predicted MPHR. Other arbitrary definitions such as a maximum exercise heart rate <100 beats/min" or <120 beats/min'8 have also been used. However, the achievement of maximum exercise is not always possible. Elderly cardiac patients, especially those disabled by chronotropic incompetence, are unable to perform sufficient exercise on the treadmill. Furthermore, everyday life activities of these patients usually correspond to low work loads up to 6 metabolic equivalents corresponding to the first stage of the standard Bruce protocol. In addition, not much is known about the patterns of heart rate acceleration and deceleration in the presence of chronotropic incompetence.
Wilkoff et al,'9 using exercise testing with respiratory gas analysis and employing a less demanding protocol, the so-called Chronotropic Assessment Exercise Protocol (CAEP), recently established a method by which the chronotropic response during submaximal exercise can be assessed. This was achieved by comparing relative metabolic levels with relative heart rates-that is, by normalising the change in heart rate from rest to maximal exertion as a linear function of the change in metabolic workload. The normal predicted heart rate at some submaximal stage of exercise, regardless of the protocol used, is given by the formula: 
Prevalence
The prevalence of this condition in most patient populations is not known and the inconsistency in defining chronotropic incompetence in the various reported studies makes comparative analysis of the existing data difficult. It has been suggested that approximately 40% of the pacemaker population exhibit some degree of chronotropic incompetence and might benefit from rate-adaptive pacing2l and that this percentage increases with time after implantation.'7 The prevalence of chronotropic incompetence in sick sinus syndrome (due to inadequate response of the sinus node), defined as <120 beats/min at maximum exercise, has been reported to range from 28% to 57%.18 Characteristically, the definition of chronotropic incompetence in the published series is not always clear. 22 In atrial fibrillation (usually due to inadequate response of the atrioventricular node conduction) the chronotropic response to exercise may be impaired in up to 60% of the patients. 23 In patients with acquired complete heart block (usually due to inadequate response of the His-Purkinje pacemaker) chronotropic incompetence is almost universal. Chronotropic incompetence is not only important in patients with primary conduction disease but is also common in patients with heart failure whether this is caused by ischaemic heart disease '5 Chronotropic incompetence is the inability of the heart rate to achieve at least 80% (an arbitrary percentage for the time being) of the predicted value according to Astrand's formula (220-age) at peak exercise-that is, achievement of the anaerobic threshold. Inability of the heart rate to achieve at least 80% of the predicted value according to Wilkoff's formula at any stage of submaximal exercise may also denote a form of chronotropic incompetence that at present is particularly relevant to the pacing rate modulation offered by adaptive-rate pacemakers.20
Sinus node chronotropic incompetence is the inability of the sinus node to achieve at least 80% of the predicted rate. Specific sinus node chronotropic incompetence is the inability of 401 the sinus node to accelerate in response to metabolic demands secondary to intrinsic disease or negative chronotropic drugs. Functional chronotropic incompetence manifests itself either as atrial tachyarrhythmias or as retrograde ventriculoatrial conduction resulting in sinus node reset, pacemakermediated tachycardia, or the so-called atrioventricular desynchronisation arrhythmia (that is, unsensed retrograde P waves followed by ineffectual atrial stimulation during atrial refractoriness26). In such cases there is interference with sinus node activity preventing an appropriate sinus node rate response to exercise or autonomic changes.
Jrunctional chronotropic incompetence in patients with permanent atrial fibrillation implies inability of the heart rate to achieve 80% of the predicted values owing to the atrioventricular conduction defect. Also in patients with complete heart block it refers to the inability of the escape junctional pacemaker to achieve at least 80% of the predicted value. In cases of an intra-hisian or infra-hisian block the term ventricular chronotropic incompetence is more appropriate-to denote incompetence of the escape focus.
DIAGNOSIS
Ideally, cardiopulmonary exercise testing with respiratory gas analysis is required for a proper assessment of the chronotropic response, though this facility is not universally available. We propose the following practical scheme:
(1) If patients achieve more than 80% of their predicted maximum heart rate during an ordinary exercise test chronotropic incompetence is not present.
(2) In patients unable to achieve at least 80% of their predicted maximum heart rate on exercise, exercise testing with respiratory gas analysis should be performed, particularly in patients with abnormal left ventricular function.
(a) Patients who achieve the anaerobic threshold are chronotropically incompetent. (b) In those patients who do not reach the anaerobic threshold at peak exercise, submaximal chronotropic incompetence at any stage of submaximal exercise can be assessed according to Wilkoffs formula. Since the "METSpeak" value available will be necessarily smaller than the one that corresponds to the anaerobic threshold, chronotropic incompetence can be excluded if the heart rate response is higher than 80% of that predicted according to the formula. If the achieved heart rate response is less than 80% of that predicted, chronotropic incompetence cannot be excluded.
